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Abstract. We present a new method for the assessment of the most recent cooling and 
denudation rates using paramagnetic centers in quartz measured by electron spin resonance 
(ESR) spectroscopy. These centers have a relatively low thermal stability. For cooling rates 
of 40 ø and 1000øC Myr -•, effective closure temperatures vary between 55 ø and 82øC (Ti 
center) and 49 ø and 64 øC (A1 center), respectively. Samples were collected from two cores 
that were drilled into the Eldzhurtinskiy Granite, which has an emplacement age of ~2 Ma 
as measured by U/Pb analyses of zircons. One 1500 rn core was taken from a drill hole into 
the dome of the granite, a second core of 4000 rn from a drill hole at the base of the Baksan 
Valley. Our results yield cooling rates of between 160 and 250øC Myr -• for the upper core 
and between 570 ø and 600øC Myr -• for the lower core; the corresponding denudation rates 
are ~2.5 (upper core) and 5.5mm a -• (lower core). The shape of the temperature profile of 
the lower core indicates recent erosion. When fitting the temperature data with a two- 
dimensional heat-transfer model, we obtain a net denudation rate of -10 mm a -• and cooling 
rates in the range of 500øC Myr -•, thus confirming the cooling rates estimated by ESR. 
However, the ESR denudation rates underestimate the erosion rate of the Baksan Valley 
because the geothermal gradient is not equilibrated between the surface and the depth of the 
annihilation temperatures, 950 and 1800 rn for the A1 and Ti centers, respectively. We 
conclude that ESR measurements of paramagnetic centers in quartz will allow the recon- 
struction of landscape dynamics for the past 10-1000 kyr and that in conjunction with U/Pb, 
fission track, and Ar/Ar analyses it will be possible to develop dynamic models for 
Quaternary tectonic movements. 
1. Aim and Scope of This Study 2. Introduction 
The aim of this study was to demonstrate that electron spin 
resonance (ESR) measurements of paramagnetic centers can 
be used for the estimation of denudation and cooling rates, to 
assess the potential of this method, and to identify the weak- 
nesses on which future research has to be focussed. The cores 
of the Eldzhurtinskiy Granite were ideally suited for this 
study: samples could be collected from a very long core to 
study the thermal stabilities of all centers involved; the present 
day uplift rate is known (N6-8 mm a -• as measured by a nearby 
Global Positioning System (GPS) station using a Trimble 4000 
SSE system); and it is a very young intrusion, suggesting that 
the paramagnetic centers would not be saturated. 
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2.1. ESR Dating 
ESR spectroscopy has been widely applied in the study of 
paramagnetic enters in minerals [Marfunin, 1979], and since 
the mid 1970s, the time-dependent accumulation of paramag- 
netic centers has been used for dating [Griin, 1989; 1997; 
Ikeya, 1993; Rink, 1997]. Figure 1 shows the general process 
of the formation of paramagnetic enters. In an energy band 
model an insulating mineral, such as quartz, has two separate 
energy states at which electrons may occur: a ground state 
(valence band) and an excited state (conduction band). When 
the mineral is formed or reset by heat, all electrons are in the 
ground state. Rays emitted from radioactive isotopes ionize 
atoms, and electrons are transferred to the conduction band 
while positively charged holes remain near the valence band. 
After a short time of diffusion most electrons recombine with 
the holes and the mineral is unchanged. All natural minerals, 
however, contain imperfections, such as lattice defects or 
interstitial atoms, which can trap electrons when they fall back 
from the conduction band. The trapped electrons and holes 
form paramagnetic centers that can be detected with ESR. In 
the context of this paper we have studied the E' center, which 
is an oxygen vacancy center [Weeks, 1994], as well as the A1 
(a hole center located at A10- [Nutall and Weil, 1981 ]) and the 
Ti center (an electron center: Ti 3+ + e-substituting silicon and 
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Figure 1. Energy band scheme of an insulating mineral. 
Radiation emitted from radioactive isotopes ionizes atoms, and 
electrons are transferred from the ground state (valence band) 
to the conduction band. After a short time of diffusion most 
electrons recombine with holes that are located near the 
valence band. Some electrons are trapped at charge deficit 
sites (defects), forming paramagnetic enters that can be 
detected with electron spin resonance (ESR). The number of 
trapped electrons is dependent on the number of traps, the 
strength of the radiation field (dose rate), and the duration of 
radiation (=age), E, is the activation energy of the trap. 
stabilized by H +, Li +, or Na + in channels near the edge of the 
silicon-oxygen tetrahedron [Rinneberg and Weil, 1972; Isoya 
et al., 1983]). The number of trapped electrons is dependent on 
the fo. llowing factors: the number of traps, the strength (dose 
rate D), and duration of the radiation (age A). An ESR age is 
derived from the relationship 
A 
D E - • D E (t)dt (•) 
where D e is the dose. If the dose rate is constant, as is 
assumed in this study, (1) is reduced to 
D E 
A = . (2) 
D 
The D e value can be determined by two methods, the 
additive dose method and the regeneration method. In the 
additive dose method (Figure 2a) the sample is irradiated with 
defined gamma doses, and the plot of measured ESR intensi- 
ties versus laboratory dose defines the so-called dose response 
curve. Fitting these data points with an appropriate mathemati- 
cal model, usually a single saturating function [Griin and 
Brumby, 1994], allows the extrapolation to zero ESR intensity, 
and the D e value is given by the intersection of the curve fit 
with the x axis. In the regeneration method (Figure 2b) the 
sample is reset by heating, and a dose response curve is 
established from these zeroed samples. The projection of the 
ESR intensity of the natural, unheated sample onto the dose 
response curve yields the D e value. The regeneration tech- 
nique has the advantage of usually producing smaller errors in 
the D e value and following the same dose response as the 
sample had experienced in nature. The technique does not 
require an explicit mathematical model for the dose response 
[Griin, 1994] but incurs the disadvantage that sensitivity 
changes may occur after resetting [Prescott et al., 1993]. 
The dose rate is calculated from the analysis of the radioac- 
tive elements (Th, U, and K; other contributions are usually 
negligible) in the sample and its surroundings. The concentra- 
tions of the radioactive elements are converted into dose rates 
by published tables [Nambi and Aitken, 1986]. 
2.2. Thermal Stability 
The trapped electrons and holes have only a limited lifetime 
that is defined by the following equation (for first-order 
kinetics): 
a 
1/•- v 0 exp kr (3) 
where z is the mean life of the trapped electrons/holes, v 0is 
the attempt to escape frequency, E, is the activation energy 
that is usually in the range of 1-3 eV (1 eV = 1.602 x 10 -•9 J), 
k is the Boltzmann constant (1.38 x 10 -23 J K-l), and T is the 
temperature in degrees Kelvin. 
The thermal stability has the following impact on the dose 
a sample receives [Debuyst et al., 1984; Griin, 1985]: 
ß (-t/v) DE - D v 1-e (4) 
Note that in steady state (t>> r, here the number of thermally 
released electrons from the traps is equal to the number of 
newly trapped electrons due to environmental radiation) the 
last term of the equation (r(1-e-'/•)) approaches r. When the 
paramagnetic enter is stable (t<< r), this term approaches t. In 
other words the age calculated from a sample that is steady 
state is the mean life of the paramagnetic center whilst the age 
of a sample with stable paramagnetic enters is the age since 
the sample was last zeroed (i.e., formed or heated) 
2.3. Calculation of Cooling and Denudation Rates 
Some earlier ESR studies have recognized the potential of 
using paramagnetic centers for the calculation of cooling and 
denudation rates [Agel et al., 1991a, b] without, however, 
providing independent assessments of cooling or denudation 
rates. Measured concentrations of the A1 center on samples 
from the German Continental Deep Drilling (KTB) Project 
were converted into uplift rates [Agel, 1992; Scherer et al., 
1993]. Unfortunately, the dose values were derived from a 
simplistic dose response model, and an independently mea- 
sured fission track uplift rate of 40 m Myr '• [Wagner et al., 
1990] was used to assess the amount of thermal untrapping 
and correction of dose values. Not surprisingly, the apparent 
age values derived from the corrected dose values resulted in 
an uplift rate of 40 m Myr -•. 
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Figure 2. (a) Additive dose method. The natural sample is irradiated with increasing doses and the extrapolation to zero yields 
D E. (b) Regeneration method. The sample is reset o zero and irradiated. The projection of the natural ESR intensity onto the dose 
response curve yields the D E value. 
Scherer et al. [1994] carried out ESR measurements on 
samples from the Eldzhurtinskiy Granite. They concluded that 
the decrease of paramagnetic enters with depth was due to 
increased heat and that this warranted future investigations. 
Koshchug and Solovyov [1998] used dose values from the A1 
center to model uplift and cooling rates and found that the 
ESR data were consistent with 4øAr/39Ar results [Hess et al., 
1993]. 
As we shall see from the experimental data below, the 
paramagnetic enters have a relatively low thermal stability. 
For the samples from the Eldzhurtinskiy Granite the A1 center 
has a mean life of 1600 a at 73 øC, and the Ti center has the 
same mean life at 106øC. This means that it is not possible to 
obtain any geological information from these centers relating 
to higher temperatures. On the other hand, the A1 and Ti 
centers have mean lives of 1 Myr at temperatures of -40 ø and 
50øC, respectively. For comparison, the cooling rates in this 
paper are given in degrees per million years, but it should be 
emphasized that these values are only valid for the past few 
tens of thousands of years. Extrapolations to longer time spans 
would result in improbable scenarios. 
If samples are continuously cooled with a constant rate 
from higher temperatures, cooling rates can be derived from 
the numerical integration of (4), provided that the paramag- 
netic centers follow first-order kinetics decay as described by 
(3) and the trap parameters, v 0 and E,,oare known. The result 
is the apparent age of the sample (D•D). This integration has 
been carried out in Figure 3 using E, = 1.5 eV; v 0 = 2.6 x 10 • 
s -•. Figure 3shows that he apparent age of a surface sample 
will immediately ield the cooling rate of the sample since it 
passed -75øC to the present-day temperature. The functions 
of fast cooling rates of the order of 2000-1000øC Myr -I are 
close by, which will result in large uncertainties. Paramagnetic 
centers seem best suited to estimating cooling rates of>-40øC 
Myr -•, at lower cooling rates the centers will most probably 
saturate. Figure 3 also shows that the closure temperature (CT) 
of such a center [Do&on, 1973, 1976] is dependent on the 
cooling rate. 
2.3.1. Model 1. If samples are obtained at different depths 
and temperatures from a core and the storage temperatures of 
the samples are in the linear part of the graphs in Figure 3, 
denudation and cooling rates are directly derived by dividing 
the distance and/or temperature difference between the 
samples by their age difference. This model is robust because 
it is not dependent on the knowledge of any trap parameters or 
the kinetics of traps. For the assessment of cooling and 
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Figure 3. Calculation f the apparent age for a variety of cooling rates and trap arameters of Ea = 1.5 eV and v 0 = 2.6 x 10 TM 
s -•. The diagram shows that if trap parameters are known, the cooling rate can be directly determined by measuring the average 
present-day storage t mperature and apparent ESR age. The closure t mperature (CT) can be obtained by extrapolating thelinear 
part of the curve to the x axis. 
denudation rates it has to be assumed that the measured 
temperatures are correct representations of the storage temper- 
atures and that the system is in thermal equilibrium. 
2.3.2 Model 2. If the trap parameters are known, the 
cooling rate can be directly derived from the estimation of the 
apparent age, as shown in Figure 3. Denudation rates can be 
estimated by dividing the cooling rate by the geothermal 
gradient. Note that model 1 represents that part of model 2 
where the functions are linear (see Figure 3). 
2.4. lJl 2 Ratio of the E' Center 
It was observed that the E' intensity in quartz grains 
increases on heating, and it was suggested this behavior could 
be used for palaeothermometry [McMorris, 1970]. When a 
sample is heated in isochronal steps of 60 min, the intensity of 
the E' center reaches a maximum at -250øC, after which it 
rapidly decays [Chen et al., 1997]. The increase of the E' 
center can be explained by charge transfer from the A1 center, 
which concurrently decays [Toyoda and Ikeya, 1991]. The 
ratio of the intensity of the unheated sample (I•) over the 
maximum intensity at 250øC (12) is dependent on the storage 
temperature of the sample [Toyoda and Ikeya, 1991; Toyoda 
et al., 1993]. A study of samples from drill cores into oil- 
bearing sandstones in eastern China demonstrated that the I•/I 2 
ratio is closely associated with recent storage temperatures 
[Chen et al., 1997]. 
3. The Eldzhurtinskiy Granite Complex 
The samples of this study were collected from two continu- 
ous cores of boreholes drilled into the Eldzhurtinskiy Granite 
(henceforth EG), Caucasus. The Caucasus is an orogenic belt 
that rises rapidly as the result of the collision of the northward 
moving Arabian Plate and the Russian craton. Figure 4 shows 
the location of the EG. It is situated NW of the Chegem 
caldera which produced rhyolitic to dacitic welded tuff at - 2.8 
Ma [Gazis et al., 1995]. The EG is a very young granite 
complex, one of about a dozen small plutonic intrusions into 
the crystalline basement of the central part of the Caucasus. Its 
intrusion age has been dated by K/Ar [Borsuk, 1979] and 
4øAr/39Ar [Hess et al., 1993] methods to between 1.9 and 2.5 
Ma. Figure 5 shows the geological environment and a cross 
section of the EG as well as the location of boreholes 600 at 
2014 MASL (henceforth upper core) and 1500 at - 940 MASL 
(henceforth lower core). The EG is an I-type biotite granite 
containing with the major components of quartz, plagioclase, 
K-feldspar, and biotite as well as zircon, monazite, and sphene 
as accessory minerals (<1%). A shear zone at 3850 m sepa- 
rates the EG from a more leucocratic, two-mica granite. 
Continuous temperature measurements were carried out in the 
lower borehole (Figure 6). 
4. Independent Studies of Cooling and 
Denudation Rates 
4.1. Fission Track and 4øAr/39Ar nalyses 
Fission track and 4øAr/39Ar analyses on biotite [Hess et al., 
1993] found that the long-term cooling rate was in the range 
of 180øC Myr -•, the spatial distribution ofthe cooling rate was 
more or less uniform, the uplift rate was in the range of 4 mm 
a '•, and the top of the granite reached surface temperatures at 
-180 ka ago. 
A 4øAr/39Ar total fusion analyses on biotite and feldspar 
[Gazis et al., 1995] showed the following results: the biotite 
ages decrease from 1.9+0.24 Ma at the roof-zone contact to 
0.83+0.26 Ma at 4 km depth; K-feldspar ages range from 
2.09+0.09 to 2.78_+0.09 Ma without a clear trend with depth; 
and step heating of two K-feldspar samples showed excess Ar 
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Figure 4. Geological map of the central Caucasus [after Gazis 
et al., 1995]. 
in the low- and high-temperature steps. Gazis et al., [1995] 
concluded that between 1.9 and 1.56 Ma the cooling rates were 
at their maximum and may have been in the range of 200 ø- 
500øC Myr -l, the cooling rates after that time were probably 
in the range of 100ø-150øC Myr '•, the denudation rates in the 
time interval of 1.9-1.56 Ma were as high as 13 mm a -•, the 
4øAr/39Ar age estimates on the K-feldspars are unreliable 
because of excess Ar, and no explanation was found for the 
discrepancies between this study and the previous analysis 
[Hess et al., 1993]. 
4.2. SHRIMP Zircon Analyses 
In order to address some of the discrepancies in the 
4øAr/39Ar data sets and to determine the emplacement age of 
the granite, sensitive high-resolution ion microprobe 
(SHRIMP) zircon U-Pb ages were measured on two granite 
samples, one of biotite granite near surface (1/90, <100 m 
below surface alluvium) and one of two-mica granite below a 
major shear zone near the base of the hole (67/90, 3970 m). 
Analytical techniques were similar to those recently described 
[Williams and Claesson, 1987]; reference standards were SL13 
(238 ppm U) and AS3 (2ø6pb*/238U = 0.1859). The zircon 
recovered from both samples was similar in crystal shape and 
size; medium to coarse (70-200 pm diameter), stubby to 
moderately elongate, and mostly euhedral prismatic grains 
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Figure 5. (top) Location of the Eldzhurtinskiy Granite and 
boreholes 600 (upper core) and 1500 (lower core). (bottom) 
Profile through the Eldzhurtinskiy Granite. The upper core 
intersects the granite at a depth of 325 m and the lower core at 
250 m, N 1 km below the upper borehole. 
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Figure 6. (a)Temperature measurements of the lower borehole. The accuracy of the temperature measurement is within _+ 0.2 øC. 
(b) Geothermal temperature gradient (numerical derivative of Figure 6a). 
with abundant mineral inclusions and little visible internal 
growth structure. It differed in color however, the 67/90 zircon 
being virtually colorless and the 1/90 zircon being orange- 
brown. Scanning electron microscope (SEM)cathodolumines- 
cence imaging showed most grains from both samples to have 
simple euhedral growth zoning throughout. There were few 
discontinuities in the structure that might indicate the presence 
of inherited zircon cores. The crystal forms and structures 
suggest that in each sample most, if not all, of the zircon 
crystallized during a single magmatic episode. 
Zircon from the two samples was mounted together and 
analyzed during the same analytical session so that the 
samples' relative ages could be determined independently of 
uncertainty in the Pb/U standardization. First analyses showed 
the zircon U contents to be quite high (>3500 ppm), so 
because such levels potentially affect the crystallinity of the 
zircon, radiogenic Pb retention, and SHRIMP Pb/U 
calibration, subsequent analyses were restricted to those 
intragrain areas that had below-average U contents, most 
<1000 ppm. To avoid possible inheritance, analyses also were 
restricted to zircon that was simply euhedrally zoned, i.e. most 
probably precipitated from the melt phase of the granite 
magmas. 
The isotopic compositions of the zircons are relatively 
uniform (Table 1, Figure 7) and similar in the two samples, 
consistent with the zircon having crystallized during a single 
magmatic episode and the two granite types being of similar 
age. Radiogenic Pb contents are too low (most <0.5 ppm) for 
a precise measurement of radiogenic 2ø7pb/2ø6pb, so the 
radiogenic 2ø•pb/238U ages (Table 1) were calculated by 
correcting for common Pb by assuming Pb-U concordance. In 
most cases the corrections were <5%. 
All but one of the 12 analyses from sample 1/90 gave the 
same radiogenic 2ø6pb/23SU within analytical uncertainty. 
Assuming grain 4 to be slightly older than the others, the 
weighted mean radiogenic 2ø6pb/23aU is 0.0003180 _+ 
0.0000026 (o), the uncertainty being a measure of internal 
precision only. The 12 analyses from sample 67/90 showed a 
much wider ange in radiogenic 2ø6pb/23aU. This is partly due 
to analysis 1.1, where the high U content (4960 ppm) has 
affected the Pb/U measurement, but analysis 6.1 nevertheless 
is significantly high, and the two analyses on grain 8 are low. 
Even more so than in sample 1/90, there is evidence for a 
range in zircon ages, and as in that sample, the grains yielding 
ages different from the average are not physically distinctive. 
The remaining eight analyses have a weighted mean 
radiogenic 2ø6pb/238U of 0.0003147 _+ 0.0000024 (o). The 
difference between the two mean radiogenic 2ø6pb/238U values 
is not significant at the 95% level, so the 19 analyses can be 
pooled to obtain a best estimate of the zircon isotopic 
GRON ET AL.: ELECTRON SPIN RESONANCE COOLING AND DENUDATION RATES 17,537 
Table 1. U-Pb Isotopic Analyses of Zircon From the Eldzhurtinskiy Granite 
Grain Area Pb, U, Th, 
ppm ppm ppm 
Th 2ø4pb Common 238U 2ø7pbb 
U 2ø6pb 2ø6pba, % 2ø6pbb 2ø6pbb 
2o6pbc 
238 U
Age, Ma 
Biotite Granite 1/90 
1.1 1.0 3572 1446 0.40 0.0006 _+ 6 0.7 3077 _+ 43 0.0524 _+ 21 
7.1 0.9 3332 1513 0.45 0.0012 -+ 9 1.1 3124 _+ 66 0.0558 _+ 20 
11.1 0.3 882 343 0.39 0.0021 _+ 41 2.0 3059 _+429 0.0642 _+ 44 
3.1 0.2 700 732 1.04 0.0090 _+ 35 3.5 2840 _+122 0.0782 _+ 60 
9.1 0.2 695 427 0.61 0.0022 _+ 26 4.3 3028 _+ 72 0.0854 _+ 57 
8.1 0.2 629 374 0.59 0.0039 _+ 63 3.4 2626 _+693 0.0776 _+ 51 
4.1 0.2 581 170 0.29 0.0017 _+ 27 3.6 2770 _+ 49 0.0786 _+ 49 
2.1 0.1 513 162 0.32 0.0008_+ 8 3.3 3190_+68 0.0763_+58 
5.1 0.1 473 315 0.67 0.0086 _+ 59 4.2 2866 _+854 0.0847 _+163 
10.1 0.1 448 179 0.40 0.0089 _+ 58 5.2 2845 _+ 71 0.0935 _+ 92 
6.1 0.1 435 283 0.65 0.0093 _+ 83 5.5 3157 _+ 81 0.0961 _+ 77 
12.1 0.1 357 166 0.46 0.0014 _+ 14 6.1 2987 _+139 0.1018 _+ 91 
Two-Mica Granite 67/90 
1.1 1.6 4960 512 0.10 0.0007 _+ 6 0.7 2720 _+ 49 0.0523 +_ 14 
7.1 0.8 2896 847 0.29 0.0017 _+ 12 0.9 3179 _+ 57 0.0542 _+ 22 
3.1 0.5 1842 1276 0.69 0.0023 _+ 13 1.8 3120 _+ 37 0.0622 _+ 40 
6.1 0.3 1052 569 0.54 0.0020 _+ 19 1.4 2795 _+ 50 0.0593 _+ 44 
8.1 0.2 955 932 0.98 0.0019 _+ 54 4.1 3535 _+ 63 0.0833 _+ 50 
4.1 0.3 940 817 0.87 0.0048 _+ 44 2.1 3085 _+ 67 0.0653 _+ 49 
2.1 0.3 937 231 0.25 0.0012_+37 2.5 3166_+139 0.0691 _+66 
9.1 0.2 636 265 0.42 0.0030_+ 89 3.8 3118 _+67 0.0811 _+ 71 
10.1 0.1 490 159 0.32 0.0057 _+ 57 4.1 3009 _+ 99 0.0835 _+ 74 
5.1 0.1 415 275 0.66 0.0087 _+ 59 8.7 2936 _+106 0.1257 _+104 
11.1 0.1 357 141 0.39 0.0054 _+121 4.4 2933 _+ 76 0.0860_+ 76 
8.2 0.1 295 163 0.55 0.0072 _+142 11.9 3468 _+156 0.1554 _+188 
2.08 _+ 0.03 
2.04 _+ 0.04 
2.07 _+ 0.29 
2.19_+0.10 
2.04 _+ 0.05 
2.37 _+ 0.63 
2.24 _+ 0.04 
1.95 _+ 0.04 
2.15 _+ 0.64 
2.15 _+ 0.06 
1.93 _+ 0.05 
2.03 _+ 0.10 
2.35 _+ 0.04 
2.01 _+ 0.04 
2.03 _+ 0.03 
2.27 _+ 0.04 
1.75 _+ 0.03 
2.05 _+ 0.05 
1.98 _+ 0.09 
1.99 _+ 0.05 
2.05 _+ 0.07 
2.00 _+ 0.08 
2.10 _+ 0.06 
1.64 _+ 0.08 
Percentage of total 206pb that is common 206pb. 
Total Pb. 
Radiogenic Pb, corrected assuming all common Pb is laboratory Pb (Broken Hill galena composition). 
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Figure 7. Tera-Wasserburg concordia diagram showing the U-Pb isotopic ompositions ofEldzhurtinskiy Granite zircons before 
correction for common Pb. The dashed line is the mixing line between common Pb and the composition of a concordant 2.04 
Ma system. The two analyses of 67/90 grain 8 are distinguished. The large uncertainties in U/Pb for some 1/90 analyses reflect 
strong zoning in U concentration within the small volume of zircon consumed by the analysis (-400 pm3). 
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composition. The resulting weighted mean radiogenic 
2ø6pb/238U, 0.0003162 _+ 0.0000018 (O), is equivalent to an age 
of 2.04 +_ 0.01 (o) Ma. Addition of the 0.32% uncertainty in 
the mean of nine interspersed analyses of the AS3 Pb/U 
reference standard gives a best estimate of 2.04 _+ 0.03 Ma 
(95% confidence) for the zircon age of the granite. 
It is noteworthy that the larger range in zircon apparent 
ages, 530 _+ 50 ka, is found in the deeper sample, which comes 
from a region in the pluton that would have remained hotter 
for longer (down-hole t mperature at3970 m is still 223øC). 
Assuming no radiogenic Pb loss (radiation damage in zircon 
anneals at temperatures above -250øC [Yamada et al., 1995]), 
this age range very likely reflects an extended period of zircon 
crystallization in the cooling granite magma similar to that 
documented in the rhyolite magmas associated with the Long 
Valley Caldera, California [Reid et al., 1997]. The zircon ages 
suggest hat the Eldzhurtinskiy Granite magma had begun to 
form by --2.27 Ma, and reached Zr saturation by cooling below 
-790øC (Zr - 175 ppm, M = 1.45 [Lipman et al., 1993; Watson 
and Harrison, 1983]) at 2.04 _+ 0.03 Ma but did not wholly 
crystallize until at least 1.74 _+ 0.06 Ma. The high closure 
temperature for zircon U-Pb (>900øC) [Lee et al., 1997] has 
allowed the isotopic record of this extended crystallization to 
be preserved. 
Such a thermal history is at odds with the suggestion that 
the Eldzhurtinskiy Granite was contemporaneous with the 2.8 
Ma Chegem volcano-plutonic omplex 10 km to the southeast 
[Lipman et al., 1993]. It is consistent, however, with the 
results of much of the previous 4øAr-39Ar and Rb-Sr 
geochronology on the pluton. Surface samples of the granite 
have yielded ages of 1.8 to 1.9 + 0.15 Ma (biotite and K- 
feldspar K-Ar ) [Borsuk, 1979] and 1.98 +_ 0.01 Ma (mineral 
isochron Rb-Sr) [Zhuravlev and Negrey, 1994], indicating 
emplacement of the pluton at or before -2.0 Ma. Hess et al. 
[1993] reported a progression in biotite 4øAr-39Ar total fusion 
ages from -2.1 Ma near surface to 1.3 Ma at 3825 m depth. 
From three (of 28) size fraction analyses that gave ages in 
excess of 2.4 Ma they inferred an intrusion age close to 2.5 
Ma, but further biotite 4øAr-39Ar total fusion age measurements 
[Gazis et al., 1995] did not confirm that result, showing 
instead an age progression from only 1.9 Ma near surface to 
1.6 Ma at 3700 m depth. Sample 67/90, at 3970 m, gave the 
much younger result of 0.83 _+ 0.29 Ma, based on which it was 
suggested that the two-mica granite below the deep shear zone 
is significantly younger than the biotite granite above. 
The cause of the discrepancy between the two sets of down- 
hole 4øAr-39Ar data is not fully understood, but it might be the 
differences in sampling strategy (Hess et al. [1993] analyzed 
size fractions, and Gazis et al. [ 1995] did not) and the variable 
presence of excess Ar, as revealed in step heating experiments 
on K-feldspar and plagioclase [Gazis et al., 1995]. A 
difference in age between the Eldzhurtinskiy Granite and the 
Chegem volcano-plutonic complex is now well established, 
and a difference in magma sources or fractionation histories is 
also indicated by the difference in their O isotopic 
compositions [Gazis et al., 1995]. The suggestion [Gazis et al., 
1995] that the Eldzhurtinskiy Granite below the deep shear- 
zone is significantly younger than the remainder is not 
supported by the zircon data, but the zircon evidence for the 
possible presence of melt in the lowermost sample as late as 
-1.75 Ma does imply that the shear zone has juxtaposed 
significantly hotter granite below cooler, which would explain 
the abnormally ow 4øA•'-39Ar ages for the two deepest amples 
(63/90 [Hess et al., 1993] and 67/90 [Gazis et al., 1995]). 
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Figure 8. Fitting of the temperature profile of the lower core (see Figure 6a) using a two-dimensional heat transfer model and 
incision of a 2000 m wide and 1200 m deep valley into a rock body with a geothermal gradient of 45 øC km -•. The measured 
temperature profile is best fitted with an erosion rate u of N 10 km Myr -•. 
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4.3. Heat Transfer Modeling of the Temperature Profile of 
the Lower Core 
rate increases from 50 ø to 150 øC Myr -• in the lower section of 
the core to >500øC Myr -• in the upper section. 
The temperature measurements of the lower core can be 
used to assess the rate of valley lowering. The linear projection 
of the geothermal gradient in the lower section (>500 m) of the 
lower core toward the surface yields a first-order estimate of 
the amount of recent denudation: -1000 m. This is in 
agreement with the depth of the valley (1200 m). The 
curvature of the geothermal gradient in the upper section of 
the lower core (<500 m) can be used to obtain a first-order 
estimate of the denudation rate. 
The shape of the temperature profile was computed by 
solving numerically the transient heat transport equation in a 
two-dimensional medium [Bathe, 1982], maintaining the 
upper surface at 15øC and assuming that the shape of the 
temperature profile is determined by a balance between 
advection and conduction. The incision of the valley is 
represented by the imposed downward migration of the cold 
upper surface into the medium at a rate u. The shape of the 
valley is arbitrarily imposed and is characterized by a final 
depth and width of 1200 and 2000 m, respectively. A constant 
geothermal gradient of 30øC km -• (as measured ata depth of 
-2000 m, see Figure 6b) is imposed at the base of the model, 
5. Analytical Procedures 
5.1. Samples and Sample Preparation 
Samples were collected from the two boreholes. Table 2 
gives the location, depth, and present day storage 
temperatures. The rock samples were crushed and sieved, 
quartz was separated using heavy liquids and magnetic 
separation. Aliquots of the bulk sample and quartz were used 
for the analysis of radioactive elements (U, Th, and K) using 
neutron activation analysis (see Table 2). 
5.2. ESR Measurement 
ESR measurements were carried out on the 100-400 gm 
grain size fraction. The samples were measured on a Bruker 
ECS 106 spectrometer with a 1.5 T magnet and a rectangular 
4102 ST cavity. The measurement parameters for the E' center 
were room temperature, accumulation of 1500 scans with 0.05 
mT modulation amplitude, 20.48 ms conversion factor, 40.96 
ms time constant, 1024 bit spectrum resolution (resulting in a 
total sweep time of 21 s), 0.5 mT sweep width, and 0.05 mW 
and heat production by radioactive elements i assumed tobe ' microwave power. The total measurement time was thus 8.75 
constant at 2.9 pW m -3. 
Figure 8 shows calculated vertical thermal profiles in the 
crust beneath the valley floor for denudation rates of 5, 10, 20 
and 50 km Myr -•, compared to the observed temperature 
profile as well as the undisturbed conductive gradient 
(equivalent to u=0). The solution obtained for u=50 km Myr -• 
using a one-dimensional numerical model (neglecting lateral 
heat transfer: dotted line in Figure 8) demonstrates the need 
for the two-dimensional approach. The best agreement of 
modeled and measured temperature profiles is obtained with 
a denudation rate of 10 km Myr-•; indicating that the 1200 m 
deep valley was eroded during the past 120kyr. The cooling 
hours. Figure 9 shows ESR spectra of the E'center of sample 
1379 and the effect of the extreme spectrum accumulation 
carried out in this study. High-frequency noise was eliminated 
using a fast Fourier transformation, deletion of high 
frequencies, and subsequent back transformation [Griin, 
1998]. 
A1 and Ti centers were measured at 77 K using a finger 
dewar. Each sample was measured six times. The dewar was 
rotated between measurements o avoid anisotropic effects. 
Measurement conditions for the A1 center were accumulation 
of 25 scans with 0.1 mT modulation amplitude, 10.24 ms 
conversion factor, 20.48 ms time constant, 1024 bit spectrum 
Table 2. Sample Positions, Results of Chemical Analyses and Electron Spin Resonance (ESR) Age Calculation 
Bulk sample Quartz A1 Center Ti Center 
Sample Field Depth, T •, U, Th, K, U, Th, /•, De. Age, D e, Age, 
m øC ppm ppm % ppm ppm pGy a -I Gy ka Gy ka 
Upper Core 
1373 96/85 338 36.7 14 19 3.34 0.9 5.8 5640_+330 573_+18 
1474 97/85 448 43.7 15 19 3.30 0.7 8.9 5990_+370 366_+10 
1374 99/85 637 84.3 13 19 3.05 1.3 7.9 5770_+380 78_+6 
1375 101/85 848 48.3 14 22 2.74 0.9 11.4 6090_+410 112_+6 
1376 104/85 1148 56.1 14 18 2.95 0.8 6.6 5450_+330 41_+1 
1377 106/85 1336 61.6 12 15 2.91 0.8 4.8 4770_+290 35.4_+1.6 
1378 107/85 1620 79.3 14 15 2.76 0.6 4.3 4890_+280 18.5_+2.0 
1379 108/85 1697 76.6 10 14 3.16 0.4 4.9 4370_+270 12.9_+0.6 
102_+7 743_+22 132_+9 
61_+4 524_+19 87_+6 
13.5+1.4 306-+7 53-+4 
18.4-+1.6 356_+22 58_+5 
5.4_+0.3 270_+7 50_+3 
7.4_+0.6 212_+9 44_+3 
3.8+0.5 135-+5 31_+2 
3.0_+0.2 123_+2 28_+2 
Lower Core 
1380 1/90 258 40.6 16 23 3.71 0•8 6.7 6390_+350 237_+3 
1381 2/90 385 53.7 18 24 3.30 0.7 4.7 6350_+320 89_+1 
1382 3/90 562 62.2 18 27 3.48 1.0 6.5 6700_+370 29.3_+0.7 
1383 4/90 660 66.8 21 24 3.54 0.8 4.0 6890_+340 18.5_+0.9 
1475 5-2/90 792 72.6 19 21 3.15 3.4 5.7 7430_+490 11.4_+1.0 
1476 10-4/90 1334 94.4 4.9 29 3.62 4.3 8.5 6570_+590 12.0_+1.0 
1477 17-1/90 1835 111.0 17 34 3.68 3.2 2.9 7790_+440 0 
37_+2 393_+9 61_+4 
14.0_+0.7 252_+5 39_+2 
4.3_+0.2 181_+2 26_+ 1 
2.7_+0.2 181_+2 26_+1 
1.5_+0.2 128_+4 17.2_+1.2 
1.8_+0.2 40_+3 6.1_+0.7 
0 0 0 
aTemperatures of the upper core were determined via the 1•/12 ratios (see Figure 13) 
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Figure 9. ESR spectra of the E' center. (a) Spectrum showing a wide scan for a total measuring time of N 1 hour. (b) The low 
signal-to-noise ratio required extreme spectrum accumulation in the range of more than 8 hours per spectrum. 
resolution (resulting in a total sweep time of 10.5 s), 8 mT 
sweep width, and 10 mW microwave power. The Ti center was 
recorded with the same parameters, except a sweep width of 
10mT was used. Figure 10 shows a wide scan of sample 1373 
that is dominated by the [A104] øand [TiOq/Li+]g_ centers. The 
arrows A1-A2 and T1-T2 indicate the signal intensities that 
were used for the dose response curves of the A1 and Ti 
centers, respectively. 
To minimize scattering of the data points, single aliquots 
were used for the establishment of the dose response curves. 
Initially, the additive dose method was used with irradiation 
steps of 0, 13, 26, 39, 52, and 65 Gy delivered by a 137Cs 
gamma source. It turned out that the dose response curves of 
many samples exhibited arelatively large scattering ofthe data 
points around the best fitting function (Figure 1 l a), which 
caused unacceptably large errors in the D E value. Note that the 
reproducibility of the repeated measurements is very good. 
Thus the regeneration technique was then applied for all 
samples. No significant sensitivity changes were detected 
(e.g., Figure 11 b); therefore the regeneration technique should 
yield reliable results. 
Age calculation was carried out by converting the 
quantitative analyses of the radioactive lements in the bulk 
sample, and quartz separates into dose rates using published 
tables [Nambi and Aitken, 1986]. We have assumed that the 
ESR alpha efficiency is in the same range as for TL (N0.1 
[Bowman, 1976]) and that the average size of the quartz grains 
is 3000+500 grn. For the calculation of the beta attenuation, 
published attenuation factors [Mejdahl, 1979] were 
extrapolated to 3000 pm. 
6. Results and Discussion 
6.1. I•/I 2 Ratios 
Figure 12 shows the results of the measurement of the It 
and 12 intensities of the E' center. Figures 12a and 12b show 
clearly that the intensity of the natural, unheated sample I• is 
more or less constant in both cores whereas the E' intensity 
after heating, 12 , increases toward the top of the cores, i.e., 
toward lower temperatures. There is not a particularly strong 
relationship between the increase of the E' center due to 
heating and the concentrations of the Ti and AI centers. This 
may be due to the possibility that during heating a variety of 
holes trapped at sites that are not visible with ESR may 
combine with the E' center or that compensators such as H +, 
Li +, and Na + are re-distributed [Jani et al., ! 983]. 
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Figure 10. ESR spectrum at 77 K. The spectrum is dominated bythe [A104] ø and [TiO4/Li+]?_ centers. In quartz both centers have 
three gvalues. The A1 center shows six hyperfine lines because of interaction with the nucleus of2VA1 (•=5/2). Hyperfine splitting 
(1=3/2) of the Ti center is only observed for g,,; hyperfine splitting of g, and gx is not resolved. The starred signals may be due 
to the components of [TiO4/H+]g_ [Rinneberg and Weil, 1972]. 
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Figure 11. (a) Dose response of the A1 center of sample 1380. When using the additive dose method, the scatter of the data 
points will cause a very large uncertainty of the D e value, whereas the regeneration method produces much smaller errors. Note 
that each data point results from six measurements. The error bars of these repeated measurements are all within the size of the 
symbols. (b) Dose response of the A1 center of sample 1379. The additive and regenerated ose response curves show no apparent 
change in sensitivity. 
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Figure 12. (a) and (b) Intensity of the natural E' center (I•) and that heated for 60 min at 250øC (12). I• is more or less constant 
in both cores, while 12 increases toward the top. (c) and (d) The I•/I 2 ratios are related to the recent storage temperatures of the 
samples. Sample 1374 at 637 rn in the upper core shows an unexpectedly high I•/I 2 ratio. This can be attributed to the occurrence 
of hydrothermal fluids because this sample shows also a very high chloride content. The slope of the I•/I 2 ratios in the upper core 
is significantly lower than in the lower core, indicating a lower geothermal gradient in the upper core. 
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Figure 13. Linear regression of 1/12 ratio and measured temperature. This relationship is used for the assessment of temperatures 
in the upper core for which no temperature measurements have been carried out. 
Figures 12c and 12d show the 1/12 ratios in both cores. In are 50 ø and 107øC, respectively, resulting in an average 
the upper core, sample 1374 shows very high 1/12 ratios at 637 measured temperature gradient of 42 øC km -•. 
m. Several aliquots of the sample were repeatedly measured, 
all yielding results within 0.8-0.9 rather than around 0.3, as 
expected from the surrounding samples. However, the ' 6.2. Estimation f Denudation and Cooling Rates Using the 
mineralogical analysis of this sample showed a high Aland Ti Centers: Model 1
concentration of chloride, indicating the occurrence of 
hydrothermal f uids. Apart from sample 1374, the slope of the 
1/12 ratio versus depth in the upper core is significantly 
shallower than in the lower core, implying that the geothermal 
gradient in the upper core is smaller than in the lower core. 
Figure 13 shows the plot of 1/12 ratio versus the measured 
temperature in the lower core. A straight line fit of the 1/12 
ratios of the samples between 258 and 1334 m yields a 
reasonable relationship, which can be used to assess 
temperatures in the upper core for which no temperature 
record is available. For the upper core the calibrated 1/12 ratios 
yield a temperature of -36øC for the uppermost granite 
sample at 338 m and -80øC for the lowest samples at 1697 m. 
Thus the average temperature gradient in this range is -32øC 
km -•. The corresponding temperature values for the lower core 
Figure 14 shows the normalized intensities of the Ti and A1 
centers in both cores. The intensities of both centers in the 
lower core are significantly smaller than in the upper core and 
decay more rapidly with depth. This is again a clear indication 
that the geothermal gradient in the lower core must be higher 
than in the upper core. Furthermore, the sample 1374 at 637 m 
in the upper core shows reduced Ti and AI intensities 
compared to the surrounding samples, indicating a thermal 
event (see above). 
It can also be seen that the A1 center decays more rapidly in 
both cores than the Ti center, which means that the Ti center 
has a higher thermal stability than the A1 center. The intensity 
of the A1 center of sample 1476 at 1334 m (or 95øC) in the 
lower core seems anomalously high and has been excluded in 
the modeling below. 
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Figure 14. Normalized natural intensities of the A1 and Ti centers in both cores. The intensities of the lower core are much lower 
than in the upper core and decay faster. This indicates higher temperatures and a higher geothermal gradient in the lower core. 
Note that sample 1374 at 637 in the upper core indicates a higher temperature event. 
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Figure 15. (a) and (b) Apparent ages versus depth of both cores. (c) Apparent age versus temperature. The Ti center shows a
linear decrease ofthe apparent ages, whilst he apparent ages of the A1 center decrease exponentially. The A1 center seems to 
display an anomalously high apparent age at 94øC. 
The graphs of apparent age versus depth (Figures 15a and 
15b) show virtually the same shape as the graphs of natural 
intensity versus depth (Figure 14) (for details on the 
calculation see Table 2). This is due to the fact that the dose 
rates change very little in the cores and that the radiation 
sensitivity of the samples is virtually identical. When the 
apparent age is plotted against the measured temperature 
(Figure 15c), the Ti center shows a nearly linear decrease of 
the upper samples, indicating that these age estimates are little 
influenced by annealing, whereas the A1 center shows an 
exponential decay. The age results can be converted into 
apparent denudation and cooling rates by dividing the 
depth/temperature difference between two subsequent samples 
by their age difference. The apparently high denudation rates 
obtained for the deeper samples are, of course, due to the fact 
that the calculated apparent ages are, due to fading, 
somewhere between the mean life of the center and geological 
age. However, the uppermost samples should give results 
closest o the correct values. These samples yield denudation 
rates of 5.6_+1.1 (Ti) and 5.5_+0.5 mm a -t (A1) for the lower 
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core and 2.4+0.6 (Ti) and 2.7+_0.5 mm a -• (A1) for the upper 
core. The corresponding cooling rates are N600_+ 120ø (Ti) and a 
570+-55 øC Myr -I (A1) for the lower core. When converting the 16' 
calibrated 1//12 ratios into temperatures (Figure 13), cooling 
rates of 160+-40 ø (Ti) and 180+-35øC Myr -I (A1) are obtained 14- 
for the upper core. Because of the small number of data points, 
it is not possible to assess explicitly that no fading has •2 
occurred forthe uppermost samples' therefore these cooling 
and denudation rates are more likely maximum values. • •0 
It is clear from all ESR measurements that the temperature 
gradient of the upper core must be lower than that of the lower 8 
core. The temperature gradient of the upper core corresponds 
to the gradient of the lower core at greater depth (N2000 m) 6 
whereas the gradient of the lower core raises to between 60 ø 
and 170øC km -I close to the surface (see Figure 6b). This can 4 
be attributed to the relatively recent incision of the Baksan 
Valley (see section 4.3). Therefore it is not surprising (1) that 
the denudation rates at the bottom of the valley are 
considerably higher than at the top of the granite dome and (2) 
18 
that he cooling rates for the samples at the bottom of the b 
valley are considerably higher than those obtained from the 
whole core. When using the differential denudation rates 
between the top of the dome and the bottom of the valley of 
N3 mm a -1, the incision of the present Baksan Valley would 
not have taken more than •400 kyr. 
6.3. Model 2 
For the data above, only the two uppermost points have 
been used. As shown in Figure 3, it is possible to develop a 
consistent model for the estimation of cooling rates using all 
data points, if the trap parameters are known. The estimation 
of these parameters, however, is not straight-forward. 
Conventionally, the activation energy and attempt to escape 
frequency are determined by a series of isothermal annealing 
experiments, plotting the estimated mean lives versus 1/Tin an 
Arrhenius plot and extrapolating to ambient temperatures. 
Provided that the paramagnetic center decays according to 
first-order kinetics, the decay curve will be a simple 
logarithmic curve and the experimentally determined mean 
lives form a straight line in the Arrhenius plot. 
So far, we have not carried out such experiments. Published 
trap parameters are listed in Table 3. The discrepancies 
between the results are most probably due to the fact that 
paramagnetic centers in quartz from different origins have 
different intrinsic trap parameters that are often related to the 
nature and position of compensators [Marfunin, 1979]. For 
example, decay experiments [Toyoda andlkeya, 1991 ] showed 
clearly that the Ti center in these samples was significantly 
less stable than the A1 center. The data of this study show 
clearly the opposite. 
Table 3. Experimentally Determined Trap Parameters for the AI and 
Ti Centers 
Center E,• eV v o S -1 Reference 
Ti 1.0 2.9 x 107 
Ti 1.7 4.1 x 10 • 
A1 2.4 3.0 x 10 •2 
A1 1.7 1.1 X 107 
A1 1.5 9.0 x 10 •2 
A1 1.3 1.0 x 10" 
Fukuchi [ 1992] 
Toyoda and Ikeya [1991 ] 
Imai et al. [ 1985] 
Toyoda and Ikeya [ 1991 ] 
Ikeya and Toyoda [ 1991 ] 
Melnikov et al. [1989] 
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Figure 16. Arrhenius plots for the (a) AI and (b) Ti centers for 
the experimentally determined mean lives at 73 ø and 106øC 
and a variety of possible activation energies. 
As stated above, model 2 is only valid if the centers decay 
with first-order kinetics. When considering the nature of the 
A1 center, it is actually unlikely that it will decay according to 
first- order kinetics [see, e.g., Toyoda and Ikeya, 1991 ]. Hole 
centers can generally be annihilated by several processes: 
recombination with an electron, and diffusion of the hole; the 
stability of the A1-O- depends on the nature of the 
compensators, which can also diffuse away. The latter process 
can also influence the decay of the Ti center. However, for 
model 2 it is actually sufficient if the decay of the 
paramagnetic center between N 110 ø and 40øC (Ti) and 80 ø 
and 30øC (A1) lies on a straight line in the Arrhenius plot. 
Decay mechanisms at higher temperatures are irrelevant for 
the assessment of cooling rates. The best way of confirming 
this assumption is the study of quartz from stable regions, 
where the apparent ages are mean lives of the center [Mejdahl, 
1988]. 
In order to address the problem of assessing the trap 
parameters we have pursued the following solution: at higher 
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Figure 17. (a) and (b) Calculation of apparent ages for two cooling rates (see Figure 3) and a range of activation energies (from 
Figure 16). Instead of a single function, each cooling rate has an envelope of apparent ages. (c) and (d) Estimation of the cooling 
rates for each measured data point. The results for the AI center show a large scattering, whilst those of the Ti center are in a 
reasonably narrow range. This may be due to the fact that the decay of the Ti center is closer to first-order kinetics than the decay 
of the A1 center. The cooling rates derived from model 2 are best matched when using activation energies of 1.9 (A1) and 1.1 eV 
(Ti). 
temperatures the Ti and Al centers should be in steady state 
(see equation (4)), and the apparent age is the mean life of the 
center. Using the data of Figure 15c, mean lives of 1600 a 
occur at temperatures of 73 o (A1, ignoring sample 1476, see 
above) and 106øC (Ti). At these temperatures, even for high 
cooling rates in the range of 1000ø-2000øC Myr -l, the 
apparent age is close to the mean life (as can be shown by the 
numerical integration of (4)). Having fixed these two points in 
the Arrhenius plot, (3) gives the relationship between the 
activation energy and attempt to escape frequency. Although 
the activation energies of the A1 and Ti centers are not known, 
it is reasonable to assume that they lie somewhere between 1.3 
and 2.3 eV. Figures 16a and 16b show the Arrhenius plots for 
the AI and Ti centers for these cases. A stable system is 
reached (here •; = 1 Ma) between -•45 ø and 30 ø (A1) and 75 ø 
and 55øC (Ti), depending on the activation energy. Figures 
17a and 17b show the influence of activation energy on 
apparent age for some selected cooling rates: instead of a 
single function, each cooling rate has a spread of functions. 
Now it is possible to calculate a cooling rate for each 
experimentally determined apparent age and activation energy 
(Figures17c and 17d). The data of the Ti center spread 
significantly less than those of the A1 center. 
The cooling rates of model 1 (which are independent of trap 
parameters) are matched for activation energies of 1.9 (A1) and 
1.1 eV (Ti). According to Figure 16 these activation energies 
correspond to attempts to escape frequencies of6 x 10 •6 (AI) 
and 5300 s -• (Ti), respectively. Although these values are 
unlikely, one has to keep in mind that these are based on the 
assumption of first-order kinetics. In the context of this study 
it is only important hat the trap parameters approximate the 
thermal behavior of the centers between their effective 
annihilation, 110 ø (Ti) and 80øC (A1), and their linear 
response at • 50 o C. 
When the activation energies and calibrated 1/12 ratios 
(Figure 13), all derived from measurements of the lower core, 
are applied to the uppermost ample of the upper core, cooling 
rates of 200 ø (A1) and 250øC Myr -• (Ti) are obtained (see 
Figures 18a and 18b). These cooling rates are in good 
agreement with those obtained from model 1 directly obtained 
from samples of the upper core. Figure 18 can also be used to 
estimate the approximate closure temperatures for the A1 and 
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eV for the A1 center and 1.1 eV for the Ti center and corresponding attempt to escape frequencies from Figure 16) as well as 
temperatures derived from the 1/12 ratio (Figure 13). The cooling rates are 250 ø (Ti) and 200øC Myr -• (A1). 
Ti centers by extrapolating the linear parts of the curves to 
zero age. We obtain CT values of N49ø and 64 øC (AI) and 55 o 
and 82øC (Ti) for cooling rates of 40 ø and 1000øC Myr -•, 
respectively. Note that linear esponse of the centers is reached 
N25 øC below the CT values. 
Our results show that it is, in principle, possible to estimate 
cooling rates from a single sample by ESR analysis, provided 
that the trap parameters can be estimated and the 1//12 ratios are 
calibrated. The heat transfer calculations (section 4.3) predict 
cooling rates in the range of the uppermost samples of the 
lower core (300-500 m) of - 500 o C Myr -•, and this agrees well 
with the values determined by ESR. However, the denudation 
rates obtained by ESR are significantly lower than the ones 
derived from the heat transfer calculations. This can be 
explained by the fact that the thermal gradient under the 
Baksan Valley is not equilibrated. The relative downward 
movement of the annihilation temperature points, 110øC (Ti) 
presently at 1800 m and 80øC (A1) at 950 m, is considerably 
slower than the relative downward movement of the surface 
temperature. Thus any samples from greater depth will give 
smaller denudation rates than actually take place at the 
surface. 
The present-day uplift rate of the central Caucasus i •6-8 
mm a -• as measured with the GPS station. The ESR denudation 
rates at the top of the dome are -2.5 mm a -•. This means that 
the total uplift rate is •8-10 mm a -•. Using a differential 
denudation rate of • 8-10 mm a -l, the erosion of the Baksan 
Valley took between N 120,000 and 150,000 years. This seems 
not particularly fast when compared to land surface processes 
in other regions with high uplift rates such as New Zealand, 
where values between 4 and 17 mm a -I have been observed 
[Wellman, 1979; Pillans, 1986]. 
It is clear that this initial study cannot address all potential 
problems. Future research as to be directed to investigate the 
following areas: independent assessment of trap parameters, 
e.g., by using luminescence spectroscopy [Marfunin, 1979], 
experimental investigation of the kinetics of trap decay, and 
steady state ages of samples from stable regions. The last two 
points will shed light on the question of whether short time 
experiments can properly simulate natural processes. 
7. Summary 
The ESR results can be summarized as follows: the 1//12 
ratio of the E' center has a direct relationship with the present- 
day temperature in the lower core and can be used to estimate 
temperatures in the upper core. All ESR measurements show 
that the temperature gradient in the upper core is significantly 
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Table 4. Estimated Closure Temperatures (CT) for the A1 and Ti 
Centers 
Cooling Rate,øCMyr 4 CT-AI,øC CT-Ti,øC 
40 49 55 
80 52 60 
200 56 67 
400 60 74 
1000 64 82 
lower than in the lower core. The Ti center has a mean life of 
-• 1600 a at 106 øC and reaches a mean life of 1 Ma around 
50øC. The AI center has a mean life of -1600 a at 73øC, 
reaching a value of 1 Ma around 42øC. The results of the 
lower core are (1) cooling rates between -600_+ 120 ø (Ti) and 
570_+55øC Myr -• (A1), (2) denudation rates between 5.6_+1.1 
(Ti) and 5.5_+0.5 mm a -• (A1), and (3) trap parameters E,=I.1 
eV and v0= 5300 s -• (Ti) and E,=l.9 eV and v0= 6 x 10 •6 s -• 
(A1). The CT values derived from the activation energies are 
listed in Table 4. The results for the upper core are (1) cooling 
rates: between 160_+40 ø (Ti) and 180-+35øC Myr -• (A1) using 
model 1 and temperatures from the calibrated 1/12 ratios and 
250 ø (Ti) and 200øC Myr -• (A1) using model 2 and activation 
energies obtained from the lower core, and (2) denudation 
rates of 2.4-+0.6 (Ti) and 2.7_+0.5 mm a -• (A1). The ESR 
cooling rates agree well with those derived from the fitting of 
the temperature profile on the lower core. The ESR denudation 
rates underestimate the erosion rates of the Baksan Valley 
because the geothermal gradient is not equilibrated between 
the surface and the depth of the annihilation temperatures, 950 
and 1800 m for the Al and Ti centers, respectively. 
Our U/Pb data show that the emplacement age of the granite 
is -2.04 Ma. This implies that some of the samples that have 
been used for the calculation of cooling rates via 4øAr/39Ar 
analysis [Hess et al., 1993] contained excess argon. Thus it is 
difficult to assess the reliability of those values. 
8. Conclusions 
We conclude form our studies that ESR can be used to 
assess temperatures, cooling, and denudation rates for 
orogenetic processes in the range of-10 ka to 1 Ma, 
depending on cooling and uplift rates. We see the following 
potential in this new method: (1) detailed investigation of 
Quaternary landscape dynamics, (2) development of dynamic 
tectonic models in conjunction with fission track and Ar/Ar 
analysis, (3) assessment ofrelatively low storage temperatures 
of basins (in the range between -100 ø and 30øC), and (4) 
recognition of recent hydrothermal events. 
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